Two alternative forms of protocatechuate 3,4-dioxygenase (PCase) have been purified from Moraxella sp. strain GU2, a bacterium that is able to grow on guaiacol or various other phenolic compounds as the sole source of carbon and energy. One of these forms (PCase-P) was induced by protocatechuate and had an apparent molecular weight of 220,000. The second form (PCase-G) was induced by guaiacol or other phenolic compounds, such as 2-ethoxyphenol or 4-hydroxybenzoate. It appeared to be smaller (Mr 158,000), and its turnover number was about double that of the former enzyme. Both dioxygenases had similar properties and were built from the association of equal amounts of nonidentical subunits, a and j, which were estimated to have molecular weights of 29,500 and 25,500, respectively. The (al)3 and (aP)4 structures were suggested for PCases G and P, respectively. On the basis of two-dimensional gel electrophoresis, the a and polypeptides of PCase-G differed from those of PCase-P. Amino acid analysis supported this conclusion. Both PCases, however, had several other properties in common. It is proposed that both isoenzymes were generated from different sets of a and P subunits, and the significance of these data is discussed.
Protocatechuate (3,4-dihydroxybenzoate) is a frequent intermediate in the biodegradation of many aromatic compounds by bacteria. The non-heme iron enzymes protocatechuate dioxygenases couple 02 bond cleavage with ring fission of protocatechuate, either between the two phenolic groups (the so-called ortho cleavage) or beside one of these (the meta cleavage type). Protocatechuate 3,4-dioxygenase (PCase, EC 1.13.1.3) is a ferric enzyme catalyzing the ortho cleavage of protocatechuate to yield 3-carboxy-cis,cis-muconate, the first intermediate in the pathway leading to 3-oxoadipate (7, 31) . PCase has been characterized in a number of organisms, including Pseudomonas putida (3, 7, 25, 26) , P. cepacia (19) , P. aeruginosa (11) , Acinetobacter calcoaceticus (13) , Azotobacter vinelandii (10) , Brevibacterium fuscum (34) , Nocardia erythropolis (17) , Rhizobium trifolii (6), other Rhizobium spp., Agrobacterium spp., and Bradyrhizobium spp. (28) , and has appeared as a key enzyme in the biodegradation of many aromatic substances in nature. Extensive kinetic and spectroscopic studies have contributed to elucidation of the mechanism of protocatechuate intradiol dioxygenation by PCase (2, 4, 12, 20-22, 29, 30, 33, 35, 36) .
All known native forms of PCase contain equal numbers of two dissimilar x and ,B subunit types with molecular masses of ca. 22 and 26 kilodaltons (kDa), respectively. One equivalent of ferric iron is usually found in association with each acB pair. An (csj3)2Fe association has been reported in the case of P. aeruginosa (38) , but the usual 4a3Fe type was later found in the same organism (24) . However, PCase seem to differ widely in molecular weight according to species: 150,000 in N. erythropolis (17) , 198,000 in P. cepacia (19) , 420,000 or 200,000 in P. putida (3, 26) , and about 700,000 (11, 12, 38) or 586,980 (24) in P. aeruginosa. Therefore, all PCase molecules seem to be built of (xo or ((X02 building blocks in various numbers according to species.
Here we report the case of a Moraxella sp. that is able to make two different forms of PCase according to the growth * Corresponding author.
substrate. These two varieties had different sizes. According to the data, it is proposed that this bacterial strain synthesized two different but very closely related sets of cx and ,B subunits of PCase, one being made during growth on protocatechuate, the other during growth on guaiacol and several aromatic carbon sources.
MATERIALS AND METHODS
Bacterial growth and crude extracts. The organism used in this study was Moraxella sp. strain GU2, the properties of which have been reported (8, 32) . It is an oxidase-positive, urease-positive, and encapsulated form that is able to multiply in simple mineral medium containing guaiacol as the sole carbon source. Various aromatic compounds can also support growth of GU2, including 2-ethoxyphenol, anisate, benzoate, catechol, 4-hydroxybenzoate, phenol, protocatechuate, and vanillate. Most phenolic compounds were purchased from Fluka (Buchs, Switzerland), and guaiacol was from Sigma. The various substrates in concentrate solutions were sterilized by filtration and used in the growth medium at 0.6 g/liter (32) , with the exception of catechol and phenol (0.1 g/liter). The bacterial cells were grown at pH 6.7 to 7.0 in 10-to 18-liter batches with aeration. Cells were harvested at the end of the exponential growth phase by tangential filtration through a 0.45-p.m-pore-size Durapore cassette (Millipore Corp.), followed by a 15-min centrifugation at 18,000 x g and 4°C. They were suspended in 20 mM potassium phosphate buffer (pH 7.5) and centrifuged at 45,000 x g for 10 min, and the pellet was stored at -20°C before use. The cell paste was diluted with 20 45 ,000 x g, and the supernatant was ultracentrifuged for 1 h at 100,000 x g. The supernatant thus obtained is designated the soluble extract.
Enzyme assays. The conversion of protocatechuate to 3-carboxymuconate was assayed spectrophotometrically (25) in 1 ml of the following mixture: 20 mM potassium phosphate (pH 7.5), 5 mM 2-mercaptoethanol, 3.9 mM protocatechuate (Sigma). Following addition of the enzyme preparation, the decrease in A290 was monitored. Taking into account the absorbance of 3-carboxymuconate at 290 nm, the molar absorption used for calculations was 2,895 M-1 cm-1. At earlier stages of purification, however, P-carboxymuconate was rapidly converted to non-290-nm-absorbing material, and the molar absorption 4,750 M 1 cm-' was used instead for calculations. This occurred before the DEAESephadex A-50 column chromatography step in the case of PCase from guaiacol-grown bacteria (PCase-G) and before the hydroxyapatite step in the case of PCase from bacteria grown on protocatechuate (PCase-P), as described in a later section. The amount of enzyme catalyzing the oxidation of 1 ,mol of substrate per min at 30°C and pH 7.5 was defined as 1 U of activity.
Catechol 1,2-dioxygenase was assayed by the increase in absorbance at 260 nm (14) . Oxidation of other substrates was measured as described before (3) 30 ,000 x g. The supernatant was brought to 60% saturation, and the precipitate was collected as above and dissolved in 20 ml of buffer P2.
The protein solution was applied to a hydroxyapatite column (2.5 by 17 cm, Bio-Gel HTP, Bio-Rad Laboratories) equilibrated with buffer P1, and elution was done by a linear 5 to 150 mM linear gradient of potassium phosphate (pH 7.5) in the presence of 98 ,uM Mg-EDTA, 5 mM 2-mercaptoethanol, 0.3 mM PMSF, and 2% glycerol. Fractions (5 ml) were collected at a flow rate of 50 ml/h. Catechol 1,2-dioxygenase was eluted first and purified separately as described below. PCase appeared from the column at a higher phosphate concentration, and fractions with PCase activity were pooled for further purification. The PCase solution was heated with stirring in a hot-water bath until its temperature reached 50°C, incubated at 500C for 15 min, and rapidly cooled in ice. Insoluble material was eliminated by ultracentrifugation for 1 h at 100,000 x g. Soluble protein was concentrated by ammonium sulfate precipitation, dissolved in P3, and dialyzed overnight against this buffer.
The enzyme solution was applied to a DEAE-Sephadex A-50 column (1 by 3.2 cm) equilibrated with P3 containing 0.1 M NaCl. The column was washed with about 15 ml of P3 containing 0.15 M NaCl, and adsorbed proteins were eluted by a 30-ml linear NaCl gradient from 0.15 to 0.45 M. Fractions with PCase activity were pooled and concentrated to 1 ml by ultrafiltration through an Amicon PM10 membrane. The solution was dialyzed against P3 containing an elevated amount of glycerol (10%), and stored frozen at -700C.
Purification of PCase from protocatechuate-grown cells (PCase-P). The soluble extract from cells grown on protocatechuate was essentially devoid of catechol 1,2-dioxygenase activity. The crude extract was applied to a DEAEcellulose DE-52 column (5 by 6 cm) equilibrated with buffer P2. The column was washed with 340 ml of this buffer, and PCase was eluted with 1 liter of P2 containing a linear NaCl gradient from 0 to 0.5 M. Fractions with PCase activity were pooled, and protein precipitation by ammonium sulfate was carried out as described in the preceding section, the final salt concentration being at 65% saturation. The precipitate was collected, dissolved in buffer P2, directly applied to a hydroxyapatite column (2.5 by 15 cm, Bio-Gel HTP as before) equilibrated with P1, and eluted as in the preceding section for purification of PCase-G. Fractions with PCase activity were pooled and applied to a DEAE-Sephadex A-50 column (1 by 2 cm) previously equilibrated with buffer P3. The column was washed with 100 ml of P3 containing 75 mM NaCl, and PCase was eluted by increasing the NaCl concentration to 450 mM in P3.
The enzyme solution (3.6 ml) was applied to a Bio-Gel A-1.Sm column (1.5 by 97 cm) equilibrated with P3, and elution was carried out with the same buffer. Fractions (2.5 ml) with PCase activity were pooled and concentrated to 1 ml by ultrafiltration through an Amicon PM10 membrane.
The solution was dialyzed against P3 containing an elevated amount of glycerol (10%) and stored frozen at -70°C.
Purification of catechol 1,2-dioxygenase. Catechol 1,2-dioxygenase from the guaiacol-grown bacteria was separated from PCase-G after hydroxyapatite chromatography as indicated above and further purified with a DEAE-Sephadex A-50 column. Active fractions were pooled, concentrated to a small volume, and chromatographed through an Ultrogel AcA 44 column. The purified dioxygenase was virtually homogeneous on the basis of two-dimensional polyacrylamide gel electrophoresis.
Polyacrylamide gel electrophoresis. Polyacrylamide gel electrophoresis of protein samples was carried out in 12% acrylamide gels by the method of Davis (9) Fig. la and b) . The column was 1.5 by 77 cm in size, and the elution buffer used (volume of fractions, 1.8 ml) was 20 mM potassium phosphate (pH 7.5)-100 mM NaCl-10 mM 2-mercaptoethanol.
In order to rule out possible artifacts of gel chromatography and protein modification in extracts, two separate cell batches were prepared from guaiacol and protocatechuate medium and mixed together. A unique soluble extract was made from this bacterial mixture and chromatographed in the same gel column as before. Two PCase fractions with different migration rates were clearly resolved (Fig. lc) . In a variant procedure, extracts from the two cell populations were prepared separately, then pooled, and chromatographed as a mixture on the Ultrogel AcA 34 column. Again two fractions were resolved, with the same distribution as in Fig. lc . Identical results were obtained with a Sephadex G-200 column instead of AcA 34 in the same conditions. Therefore, the occurrence of two PCase varieties was not explained either by some reacting agent present in one extract and not in the other or by artifactual interaction between protein and the gel matrix. Finally, the shift from production of one type of PCase to the other appeared to operate both ways, just by changing the growth substrate in the culture medium.
The apparent molecular weights of the PCase from guaiacol-grown bacteria (PCase-G) and from cells grown on protocatechuate (PCase-P) were estimated by the gel filtration technique, by comparison with proteins of known molecular-weights. The results were 158,000 and 220,000 (± 10,000) for PCases G and P, respectively. It must be noted that PCase activity was also found in GU2 growing on other carbon sources, such as vanillate, 2-ethoxyphenol, 4-hydroxybenzoate, and phenol. In these various instances a dioxygenase was present that behaved like PCase-G through the Sephadex G-200 step. Furthermore, when cells were grown on protocatechuate together with another carbon source such as guaiacol, gel filtration of the extract revealed that only one dioxygenase fraction of the PCase-G type was present.
Purification of the dioxygenases. PCases G and P were purified by separate schemes, as described in Materials and Methods, and the results are summarized in Tables 1 and 2 . The specific activity of PCase-G in the crude soluble extract was about twofold higher than that of PCase-P. Hydroxyapatite chromatography was most useful for the purification of both enzymes; in the case of PCase-G, it allowed the complete removal of catechol 1,2-dioxygenase (Fig. 2) , an enzyme that was virtually absent in bacteria cultivated on protocatechuate.
Both PCases G and P were purified more than 100-fold. Each of the native enzymes appeared as one major protein band after electrophoresis on polyacrylamide gels (Fig. 3) . They both displayed the EPR spectrum typical of high-spin ferric proteins with a near-isotropic signal 1.9 mT in width at g = 4.28, as already reported (3, 12, 34, 37) . Figure 4 shows the result obtained with PCase-P alone after the mixture was flushed for 8 min with oxygen-free argon and addition of 10 mM substrate and then after admission of air to the previous system. Identical spectra were produced from PCase-G by the same protocol.
Subunit composition. Electrophoretic patterns of both enzymes after SDS denaturation were found to be identical, each with equal amounts of two major polypeptides of 25,500 and 29,500 (+1,000) molecular weight (Fig. 3) . Therefore, PCases G and P appeared to have the typical (aF3)n structure of protocatechuate 3,4-dioxygenase (3, 6, 10, 11, 13, 17, 19, 26, 34) , possibly (at3)3 and (c43)4 for PCase-G and PCase-P, respectively. Minor slow-migrating bands were also repeatedly visible in the SDS gels and were aggregates of a or ,B chains. It was apparent from electrophoretic data that PCase-G and PCase-P did have similar, if not identical, subunit pairs, despite the fact that the two native enzymes seemed to differ in their molecular sizes. Catechol 1,2- wW.,
Resolution of PCase-P subunits by reverse-phase HPLC. PCase-P was purified as described in Materials and Methods. The pure a and ,B subunits were identified by SDS-polyacrylamide gel electrophoresis (inset). The result obtained with PCase-G was identical.
dioxygenases at the level of their a and 13 chains, they were so small as to remain unresolved by this technique.
The HPLC technique allowed us to prepare highly purified a and P chains from PCase. The pure a chains of both PCases P and G were compared by N-terminal sequencing as indicated above. Some difficulties were met for the Nterminal determination, possibly because a large proportion of the polypeptides used for sequencing had a blocked N-terminus. With residues which could not be determined with certainty designated by X, the results were the following: PCase-P(a): X-Asp-Arg-Thr-Ala-Lys-Pro-Ala-Pro-Thr-Tyr-Pro-Val PCase-G(ox): X-X -Arg-Thr-Ala-Lys-Pro-Ala-Pro-Thr-Tyr Therefore, both a subunits seemed to have the same sequence at their N termini that was different from the corresponding sequence in the PCase of P. aeruginosa (16, 38) .
Iron content and absorption spectra. The iron contents of purified PCases P and G were estimated. The background value due to metal impurities in the solvent contributed less than 5% of the total for both protein samples. The results for PCases P and G were 2.1 and 1.56 iron atoms per mol of protein, respectively. They are minimal values in the view of possible losses of metal in the course of sample preparation. As a matter of fact they are about half the expected amounts, i.e., 4 and 3 iron atoms per mol for PCases P and G, respectively, considering the ratio of 1 iron per a-13 pair that has already been obtained for other protocatechuate dioxygenases (3, 10, 34) .
In the visible light range, PCases P and G exhibited a broad absorption band between 400 and 600 nm with a maximum at 428 nm for PCase P (e = 25,200 M-1 cm1) and 408 nm for PCase G (e = 15,300 M`cm-1).
Structural differences. All the data reported above suggested that both PCases P and G had the same a and P3 subunits in a 1:1 ratio. This conclusion, however, was not supported by higher-resolution electrophoretic conditions or by amino acid composition studies. PCase-G and PCase-P appeared as distinct proteins after two-dimensional electro- Second-dimension separation. Spots 1 and 2, subunit P of PCases P and G, respectively. Spots 3 and 4, subunit a of PCases P and G, respectively. Spots a to f, control protein markers used in the second dimension only, as specified in the text.
phoresis. Both denatured enzymes were examined either separately or as a mixture, and it became evident that the at and ,B chains of PCase-P were not identical to the ot and P chains of PCase-G (Fig. 6 ). The differences were essentially at the isoelectric pH level. The pl values were 5.95 and 4.80 for the a chains of PCases P and G, respectively, and 7.20 and 6.75 for the ,B chains, respectively. The two native enzymes also differed in their isoelectric pH, 5.10 for PCase-P and 4.75 for PCase-G.
The occurrence of different a and chains in PCases P and G was also supported by amino acid composition data. The polypeptides used for analysis were previously highly purified by the HPLC method and examined in identical conditions. The results in Table 3 are average values from three determinations (at and P chains of PCase-P) or two determinations (a and P chains of PCase-G). The aspartate and asparagine content of a and P subunits was significantly higher in PCase-P than in PCase-G. The differences observed for other amino acids between chains were close to or within experimental error. Consistent other differences were revealed between a chains, however. The a chains of PCase-P were clearly richer in proline and threonine. They were poorer in serine and possibly in the sum of glutamate plus glutamine compared with PCase-G. Conversely, there was no real significant difference between PCases P and G subunits at the level of hydrophobic and cationic residues.
Kinetic data. Both PCases G and P were found to be alike by their specificities and kinetic properties. The Km of PCase-G for protocatechuate was 11 puM, with a turnover equal to 34 s-1. These values were 22 ,uM and 24 s-1, respectively, in the case of PCase-P. Therefore, the PCase from guaiacol-grown cells appeared to be a slightly more efficient dioxygenase than its counterpart in protocatechuate-grown bacteria. Whatever the true physiological inducers of PCase activity are, the production of such an enzyme by cells that are metabolizing guaiacol may seem gratuitous. There is evidence that guaiacol is demethylated by a cytochrome P-450 to catechol (8) , which is in turn oxidized to cis,cis-muconate by the catechol 1,2-dioxygenase that is also found in these cells. Both intradiol dioxygenases against protocatechuate and catechol are classically known to be regulated independently (5, 27 The number of a,B pairs per molecule was estimated to be 4 in some P. putida strains (3) and could be as high as 10 to 12 in P. aeruginosa (11, 24, 38) . PCase-G, described here, appeared to be relatively small (158,000). It was similar in size to the enzyme of N. erythropolis (17) , and the (cx)3 structure might be proposed for it. The larger PCase-P (220,000) could have the (a)4 structure. It must be assumed that differences in the structures of the subunits were responsible for the different types of assembly in the quaternary structures of PCases P and G.
Considering 
